PROGRESSIVE LIVER FIBROSIS (with the resultant cirrhosis) is the primary cause of chronic liver failure. Hepatic stellate cells (HSCs) are critically important mediators of liver fibrosis (5) . In the healthy liver, HSCs are quiescent lipid-storing cells limited to the perisinusoidal endothelium. However, in the injured liver, HSCs undergo myofibroblastic transdifferentiation (activation), which is a critical step in the development of organ fibrosis (11) . Much investigation has focused on the signaling systems that regulate fibrogenesis by HSCs with the eventual hope of preventing and/or treating liver fibrosis and cirrhosis (5, 11, 13, 25) . Although many of the signals that regulate HSC functions have been defined, the second messengers by which these signals are transduced are not as well established.
Intracellular Ca 2ϩ signals may be of particular importance in HSC cell biology for several reasons. First, it has been known for years that HSCs express receptors linking them to changes in cytosolic Ca 2ϩ , including receptors for endothelin (28) , PDGF (9) , and vasopressin (25) . Second, activated HSCs are contractile via their expression of ␣-smooth muscle actin (␣-SMA) and motor proteins (29) , and Ca 2ϩ is a critical regulator of cell contractility (19) . Third, the role of Ca 2ϩ in the regulation of gene transcription has increasingly been found to be important in cell functions (14) . Of particular interest to liver fibrosis, we (27) 3 Rs in quiescent and activated HSCs. Here, we report that HSCs express only the type I IP 3 R and that the receptor shifts into the nucleus and cell extensions upon activation. These cell extensions, furthermore, express sufficient machinery to enable local application of ATP to evoke highly localized Ca 2ϩ signals that induce localized contractions. These autonomous units of subcellular signaling and response reveal a new level of subcellular organization, which, in turn, establishes a novel paradigm for the local control of fibrogenesis within the liver.
MATERIALS AND METHODS
Materials and reagents. ATP, HEPES, and alkaline phosphateconjugated anti-rabbit secondary antibody were purchased from Sigma (St. Louis, MO). All other reagents were of the best quality available. The following primary antibodies were used for these studies: rabbit polyclonal anti-type I IP 3R (Upstate USA, Charlottesville, VA), rabbit polyclonal anti-type II IP3R (a kind gift from Dr. Richard Wojcikiewicz, State University of New York), rabbit polyclonal anti-type III IP 3R (BD Biosciences, San Jose, CA), mouse monoclonal anti-calreticulin (Stressgen Bioreagents, Victoria, BC, Canada), rhodamine-conjugated mouse monoclonal anti-desmin (Sigma), and mouse monoclonal anti-␣-SMA (Sigma).
Isolation and culture of HSCs. HSCs were isolated from male Sprague-Dawley rats by in situ pronase-collagenase perfusion followed by density gradient centrifugation, as previously described (7, 12) . Primary cells were used at either 1 or 7 days after isolation and were demonstrated to be Ͼ95% viable by trypan blue exclusion and Ͼ95% pure by morphology and lipid droplet autofluorescence at day 1 (not shown). HSCs at day 1 after isolation are phenotypically quiescent, whereas cells at day 7 are phenotypically activated (12) .
RT-PCR. RNA was isolated from HSCs using RNAqueous reagent (Ambion, Austin, TX). HSC cDNA was produced using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) on DNase-treated RNA. Specific oligonucleotide primers designs based on cloned rat IP 3R isoforms type I, type II, and type III were used to amplify day 1 and 7 HSC cDNA using the following thermal cycling parameters: 94°C for 5 min; 30 cycles (94°C for 30 s, 60°C for 1 min, and 72°C for 1 min); and 72°C for 5 min. Products were evaluated using agarose gel electrophoresis.
Immunoblot analysis. Relative expressions of IP 3R isoforms in quiescent and activated HSCs were determined by immunoblot analysis. Protein was isolated from HSCs at 1 and 7 days after isolation after osmotic lysis. Equal amounts of protein for each group were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Immobilon, Millipore, Bedford, MA). The membrane was blocked with nonfat milk (5% in PBS with 0.05% Tween), hybridized to anti-IP 3R type I, type II, or type III primary and then anti-rabbit secondary antibodies, and developed using enhanced chemiluminescence. Control blots were performed using anti-␤-actin primary antibody (Sigma) to ensure equal protein loading.
Confocal immunofluorescence. Subcellular distributions of IP 3R isoforms in quiescent and activated HSCs were determined by confocal immunofluorescence. Cells were plated on glass coverslips and fixed in 3.7% formaldehyde in PBS. Cells were washed and stained with rabbit anti-IP3R type I, type II, or type III antibody (1:500) and either mouse monoclonal anti-␣-SMA (1:800, Sigma), anti-desmin (1:50, Sigma), or anti-calreticulin (2 l/ml) for 45 min at 37°C, washed again, and then incubated with AlexaFluor 488-conjugated anti-rabbit secondary antibody (Molecular Probes, Eugene, OR) and AlexaFluor 598-conjugated anti-mouse secondary antibody (Molecular Probes). Specimens were then stained with TOPRO (Molecular Probes) for 10 min at room temperature. Specimens were examined using a Zeiss LSM 510 confocal imaging system equipped with both a krypton/argon and helium/neon laser at ϫ400 magnification. Triplelabeled specimens were serially excited at 488 nm and observed at Ͼ515 nm to detect AlexaFluor 488, excited at 568 nm and observed at Ͼ585 nm to detect AlexaFluor 598 using the krypton/argon laser, and then excited at 633 nm and observed at Ͼ650 nm to detect TOPRO using the helium/neon laser. Positive control experiments were performed on 10-m liver sections (type II IP3R) or Mz-ChA-1 cells (type III IP3R).
Live cell confocal microscopic determination of Ca 2ϩ stores. Distributions of Ca 2ϩ stores were determined with confocal microscopy performed using live day 7 HSCs grown on glass coverslips. HSCs were loaded with Mag-fluo-4 AM (Molecular Probes) for 30 min at room temperature. Cells were examined using a Bio-Rad MRC 1024 confocal imaging system equipped with a krypton/argon laser. Fluo-4 fluorescence was excited using a krypton/argon laser at 488 nm; emitted fluorescence at Ͼ515 nm was collected (8) .
Two-photon microscopic determination of ER membranes. Distributions of ER membrane structures were determined with two-photon microscopy performed using live day 7 HSCs grown on glass coverslips. HSCs were loaded with ER-tracker (Molecular Probes) for 30 min at room temperature. Cells were examined using a Bio-Rad MRC 1024 (Bio-Rad, Hercules, CA) confocal imaging system equipped with a Spectra-Physics Tsunami Ti:S laser and a Millenia X pump laser (Spectra Physics, Mountain View, CA) for two-photon excitation. ER-tracker was excited at 790 nm by two-photon excitation. We observed two-photon fluorescence at 500 -540 nm using custom-built external detectors (8) .
Confocal video microscopic determination of Ca 2ϩ signals and morphological changes. Changes in cytosolic Ca 2ϩ were determined with confocal video microscopy performed using day 7 HSCs grown on glass coverslips (7). HSCs were loaded with the Ca 2ϩ -sensitive fluorophore fluo-4 AM (Molecular Probes) for 10 min at 37°C and mounted on a specially designed stage for use on a confocal microscope. Cells were perifused with HEPES buffer. HEPES buffer containing ATP (100 M) and fluorescein was loaded into a microinjector needle and then applied to the region adjacent to an HSC extension using an Eppendorf FemtoJet microinjector system (Eppendorf North America, Westbury, NY). Changes in fluo-4 fluorescence were monitored using a Zeiss LSM 510 (Zeiss, Thornwood, NY) confocal imaging system. Fluo-4 fluorescence was excited using a krypton/argon laser at 488 nm; emitted fluorescence at Ͼ515 nm was collected. Changes in fluorescence over time were expressed as peak fluorescence divided by initial fluorescence. For post hoc analysis of cell morphological changes, raw still images at fixed time points were pseudocolored such that all fluorescence above background (determined separately) was observed. Still images were pseudocolored with distinct hues and added using the "Layer Addition" function of Adobe Photoshop 5.5 (Adobe Systems, San Jose, CA) so that overlap of all spectra would produce a white hue.
Statistical analysis. Data are expressed as means Ϯ SD where appropriate. Comparisons between individual groups were made with two-tailed t-tests.
RESULTS
HSCs express only type I IP 3 R. Expressions of IP 3 R isoforms in rat HSCs were determined using RT-PCR and immunoblot analysis. HSCs expressed mRNA transcripts for type I and II IP 3 Rs but not for type III IP 3 R (Fig. 1A) . HSCs expressed only type I IP 3 R protein (Fig. 1B ). These data demonstrate that day 1 (quiescent) and day 7 (activated) HSCs express type I but not type II or III IP 3 R proteins.
HSCs shift the subcellular expression of type I IP 3 R upon activation. Subcellular distributions of type I IP 3 R in day 1 and 7 HSCs were determined using confocal immunofluorescence. In day 1 HSCs, type I IP 3 R was localized to the perinuclear cytoplasm, where it overlapped with the distribution of autofluorescent lipid droplets characteristic of these cells (Fig.  2, A and B) . In contrast, in day 7 HSCs, type I IP 3 R was localized to multiple subcellular compartments, including the nucleus, cytoplasm, and cell extensions (Fig. 2, C-E) . In day 7 HSCs, type I IP 3 R colocalized with SMA microfilaments and desmin intermediate filaments. Neither day 1 (not shown) nor day 7 (Fig. 2, F-I ) HSCs expressed type II or III IP 3 Rs. Taken together, these data demonstrate that HSCs shift the distribution of type I IP 3 R from the perinuclear cytoplasm to multiple distinct subcellular compartments upon activation.
ER and Ca 2ϩ stores are expressed in multiple subcellular compartments in activated HSCs. Because of the unique distribution of type I IP 3 R in day 7 HSCs, the distribution of the ER resident protein calreticulin was compared with that of type I IP 3 R in these cells. Calreticulin is a chaperone protein important for glycoprotein folding that is known to be limited to the ER; for these experiments, calreticulin was used as a specific ER marker (32) . As seen in Fig. 3A , calreticulin and type I IP 3 R fluorescence were completely colocalized within cell extensions and the HSC cytoplasm. However, calreticulin was absent from the nucleus and perinuclear cytoplasm, where type I IP 3 R was also expressed. Since IP 3 R function relies upon IP 3 R-linked Ca 2ϩ stores, the expression of Ca 2ϩ stores in day 7 cells was investigated using live-cell confocal microscopy. Day 7 HSCs were labeled with the low-affinity Ca 2ϩ -sensitive fluorophore Mag-fluo-4 AM. Mag-fluo-4 fluorescence was noted in HSC nuclei, perinuclear cytoplasm, and cell extensions (Fig. 3C) . Since IP 3 Rs are expressed along ER mem-branes, ER distributions in day 7 HSCs were further investigated using live cell two-photon microscopy. Day 7 HSCs were labeled with the ER-avid lipid fluorophore ER-tracker. ER-tracker fluorescence was found in HSC nuclei, perinuclear cytoplasm, and cell extensions (Fig. 3D) (27) . Because HSCs are known to express P2Y receptors (7), the activation of P2Y receptors via ATP was used for these experiments. ATP (100 M) was microperfused into the extracellular space within 10 m of an HSC extension, and serial changes in Ca 2ϩ were monitored (Fig. 4A) . Localized application of ATP induced Ca 2ϩ signals that were limited to the nearby cell extensions and did not spread into other subcellular regions (Fig. 4, B and C 
DISCUSSION
Despite great advances in the understanding of liver fibrosis, there are still gaps in the understanding of HSC physiology and cell biology. The transdifferentiation that HSCs undergo in liver injury from quiescent lipid-storing cells to myofibroblastlike cells has been studied extensively (5, 11 ), yet little is known about the changes in signaling mechanisms in HSC transdifferentiation. For example, Ca 2ϩ agonist hormones such as endothelin (28) , PDGF (9), and ATP (7) are known to induce Ca 2ϩ signals in HSCs, yet the specific subcellular mechanisms that may mediate these Ca 2ϩ signals have not been investigated previously. Here, we demonstrate that HSCs express the type I IP 3 R and show that the distribution of this receptor changes upon HSC activation, with important functional consequences. The expression of a single IP 3 R isoform in HSCs was unexpected. Cells expressing IP 3 Rs typically express multiple IP 3 R isoforms, which is thought to account for the complex spatiotemporal Ca 2ϩ signaling patterns (4). For example, hepatocytes express IP 3 R isoforms types I and II (17) and bile duct epithelia express IP 3 R isoforms types I, II, and III (16) . Thus, the expression of a single IP 3 R isoform in a primary cell is quite unique (outside of the central nervous system). The perinuclear distribution of type I IP 3 R in quiescent HSCs is typical of the distribution of IP 3 Rs in a variety of cells (4), including liver epithelia. However, the distribution of type I IP 3 R in activated cells within nuclei and cell extensions has not been described previously and may have important physiological consequences. Because the type I IP 3 R is most strongly expressed in the central nervous system, the expression of type I IP 3 R in HSCs is consistent with the concept that HSCs have Fig. 2 . HSCs redistribute the subcellular expression of type I IP3R upon activation. Day 1 and 7 HSCs were stained for type I IP3R (green) and ␣-smooth muscle actin (ASMA; red) using immunofluorescence and counterstained with the nuclear dye TOPRO (blue). A: day 1 HSC low-power images. Type I IP3R fluorescence was limited to the perinuclear cytoplasm. ASMA fluorescence was limited to the same region and showed no evidence of actin stress fiber formation, providing evidence that the cells examined were, in fact, quiescent HSCs. B: zoomed image of a single day 1 HSC. As seen in the magnified image, type I IP3R fluorescence was seen in the perinuclear cytoplasm alongside weakly fluorescent lipid droplets. The presence of the lipid droplets provides further evidence that the cells examined were quiescent HSCs. C: day 7 HSC low-power images with ASMA staining. In contrast to the limited distribution of type I IP3R in day 1 HSC, abundant type I IP3R is seen in the nucleus, cytoplasm, and cell extensions. ASMA fluorescence was seen in a typical stress fiber distribution, providing evidence that the cells examined were activated HSCs. D: zoomed image of several day 7 HSCs. The zoomed image shows that type I IP3R fluorescence was greatest in nuclei and cell extensions (arrows), partially colocalizing with actin filaments. E: day 7 HSC low-power images with desmin staining. Day 7 HSCs were stained for type I IP3R (green) and desmin (red) using immunofluorescence and counterstained with the nuclear dye TOPRO (blue). Again, type I IP3R fluorescence was greatest in nuclei and cell extensions. Type I IP3R fluorescence in cell extensions was highly colocalized with desmin fluorescence. F: negative controls for type II IP3R. Day 7 HSCs were stained for type II IP3R (green) and ASMA (red) using immunofluorescence and counterstained with the nuclear dye TOPRO (blue) as above. No type II IP3R fluorescence was noted. G: positive controls for type II IP3R. Rat liver sections were stained identically as in A. Type II IP3R fluorescence was seen throughout hepatocytes, whereas ASMA fluorescence was limited to blood vessel myocytes. H: negative controls for type III IP3R. Day 7 HSCs were stained for type III IP3R (green) and ASMA (red) using immunofluorescence and counterstained with the nuclear dye TOPRO (blue) as above. No type II IP3R fluorescence was noted. I: positive controls for type III IP3R. Mz-ChA-1 cells, which are known to express type III IP3R (22) , were stained identically as in A. Type III IP3R fluorescence was seen throughout Mz-ChA-1 cells, and no ASMA fluorescence was noted.
many similarities to cells of neural crest origin (31 (18, 34) . To our knowledge, the present findings provide the first example outside of the nervous system of hormonal stimuli inducing localized subcellular Ca 2ϩ signals with localized downstream effects.
The functional importance of IP 3 R expression in the nucleus is of great potential interest. Ca 2ϩ agonist hormones can alter gene transcription (7, 24) . The present findings provide evidence that activated HSCs express nuclear ER structures and Ca 2ϩ stores compatible with a nucleoplasmic reticulum, a distinct nuclear organelle that mediates hormone-induced Ca 2ϩ signals within the nucleus (8) . Nuclear Ca 2ϩ signals may be of particular importance in the regulation of gene transcription and cell proliferation (6, 26) . Thus, expression of the type I The functional importance of IP 3 R expression in cell extensions is also of great potential interest. The role of peripheral Ca 2ϩ signals in cell contractility is well established (20) and is compatible with our findings demonstrating that Ca 2ϩ signals in cell extensions mediate HSC contraction. Additionally, HSC extensions may be critical mediators of intercellular communication via gap junctions (10) , and gap junction communica- Fig. 3 . Activated HSCs contain endoplasmic reticulum (ER) and Ca 2ϩ stores in multiple subcellular compartments. A: immunolocalization of calreticulin and type I IP3R in day 7 HSCs. Day 7 HSCs were stained for type I IP3R (green) and calreticulin (red) using immunofluorescence and counterstained with the nuclear dye TOPRO (blue). In cell extensions and the cytoplasm, there was complete colocalization of type I IP3R and calreticulin. However, type I IP3R was also present within nuclei and the perinuclear cytoplasm in regions where calreticulin was absent. B: zoomed image of a cell extension. A zoomed image from A showed an IP3R type I-and calreticulin-positive cell extension reaching from one HSC to a neighbor. C: confocal microscopic detection of Ca 2ϩ stores in HSCs. Confocal microscopy was used to image live day 7 HSCs labeled with Mag-fluo-4. Raw images (A, C, and E) and images pseudocolored according to the scale below (B, D, and F) are shown for comparison. In the low-power images (A and B) , Mag-fluo-4 fluorescence was seen in multiple subcellular compartments, including nuclei, the perinuclear cytoplasm, and cell extensions. Zoomed images are provided to show Mag-fluo-4 fluorescence in nuclei (arrows in C and D) and cell extensions (arrows in E and F). D: two-photon microscopic detection of ER membranes in HSCs. Two-photon microscopy was used to image live day 7 HSCs labeled with ER-tracker. Raw images (A, C, and E) and images pseudocolored as above are shown for comparison. In the low-power images (A and B) , ER-tracker fluorescence was seen in multiple subcellular compartments, including nuclei, the perinuclear cytoplasm, and cell extensions. Zoomed images are provided to show ER-tracker fluorescence in nuclei (arrows in C and D) and cell extensions (arrows in E and F). HSCs were plated and loaded with fluo-4 AM. Localized ATP (100 M) was coloaded with fluorescein for identification and loaded into a microinjector needle as described above. Serial images of the cells examined over time were collected at 10-s intervals, and each image was pseudocolored with a single distinct color value. Images were digitally added in the composite image at the bottom. As seen in the digitally added images, the cell in the top left has retracted in a downward direction. Note that there was no change in position of either of the other cells seen in the photomicrograph. tion is regulated by localized Ca 2ϩ signals (30) . Finally, exocytosis of stored vesicles is regulated by localized Ca 2ϩ signals (2); and, in HSCs, this may be important for the local release of collagen, which is a critical step in fibrogenesis (11) . Thus, these cell extensions in activated HSCs function as autonomous subcellular units that link extracellular stimuli to localized subcellular responses.
In summary, we demonstrated that the type I IP 3 R, a necessary mediator of hormone-induced intracellular Ca 2ϩ signals, is expressed in HSCs. In activated HSCs, type I IP 3 R is expressed in a previously unreported subcellular distribution. Type I IP 3 R expression is found both in the nucleus, where it may mediate proliferation and gene transcription, and in cell extensions, where it may mediate contraction, gap junction signaling, and exocytosis. Further studies to examine each of these phenomena are likely to greatly increase our understanding of liver fibrosis and perhaps will provide new pharmacological targets to prevent or treat cirrhosis in patients. 
